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Abstract. Pion interferometry (HBT of A+A) data have posed a thorn in the
theoretical interpretation of AA collisions at RHIC (

√
s = 130 AGeV). How

can Rout ≈ Rside ≈ Rlong and remain so between AGS and RHIC? Where is
the QGP Stall? Can elephants hide along the x+

0 dimension? We rummage old
hydrodynamic scenarios and uncover some previously ignored NULL solutions.
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1. NULL Effects at RHIC

The verdict from the RHIC jury is out: ET went home without a time-delay. STAR
[1] and PHENIX [2] collaborations have splashed the cold water of experimental
facts on a number of theoretical speculations. Figure 1 shows that HBT (small
relative momentum ππ correlations) at RHIC hardly differ from HBT data at SPS
and even AGS. The QGP, if formed, therefore shows no evidence for a sought af-
ter “Stall” [3–7]. All the projected radii are comparable and vary similarly with
transverse mass over a huge energy range. Figure 2 from PHENIX [8] further shows
that while the total transverse energy per participant (and hence initial energy den-
sity) increases by ∼40% from SPS to RHIC and reveals a modest nonlinearity with
centrality expected due to copious mini jet production at RHIC, the ET /Nch is
virtually independent of beam energy as well as of centrality! This second major
NULL result precludes for example the direct observation of possible gluon satura-
tion ET /Nch ∝ Qs(E, A) (see talk of Krasnitz [9]).

Compared to the other striking RHIC discoveries, 1) jet quenching [10, 11],
2) large azimuthal asymmetries [12,13] out to pT ∼ 6 GeV, as well as the unexpected
3) high pT baryon and hyperon excess to mesons [14], the HBT and ET global

1219-7580/03/ $ 20.00
c© 2003 Akadémiai Kiadó, Budapest
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Fig. 1. Left: Energy systematics of HBT radii in nuclear collisions from STAR [1].
Right: Transverse mass dependence of HBT radii from PHENIX [2].
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Fig. 2. Transverse energy systematics at RHIC from PHENIX [8]
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(low pT ) data appear at first sight to be extremely dull. However, the aim in this
talk is to show that these null data are in fact extremely interesting and challenge
some of the core ideas and assumptions about the physics and interpretation of data
on ultra-relativistic nuclear collisions.

In the semiclassical transport theory picture of QGP evolution and hadroniza-
tion, the thousands of produced pions undergo final state interactions and eventually
decouple when the density becomes sufficiently low. Their decoupling space-time
and momentum space distribution, ρ(x, k), is a 7 dimensional (on-shell) phase space
density. Single inclusive pion spectra measure

∫

d4xρ(x, k) and hence project the 7
dimensional density onto a 3D plane. In the absence of dynamical multi-body cor-
relations, the multi-pion distribution simply factorizes ρ(x1, k1) · · · ρ(x2, kn). This
is the one of the central assumption (together with local equilibration) in the ap-
plication of hydrodynamics to A+A.

However, the observable n-pion inclusive distributions do not factor because
Bose symmetrization induces an interference between pion amplitudes [15, 16]:

Pn(k1, · · · ,kn) ∝
〈

∑

σ

n
∏

j=1

ei(kj−kσj
)·xjδ∆(kj , kσj

, pj)

〉

, (1)

with the smoothed delta function given by

δ∆(k, k′, p) = (2π∆p2)−3/2 exp
(

1
2

[

p − 1
2 (k + k′)

]2/
∆p2 + 1

2 (k − k′)2∆x2
)

. (2)

The brackets 〈· · ·〉 denotes the ensemble average over the 7n pion freeze-out space
coordinates {x1, p1, · · · , xn, pn}. The smoothed delta function arises if Gaussian
wavepackets are assumed. The widths ∆x and ∆p depend on details of the pion
production mechanism which are unimportant only if the semiclassical HBT limit
applies. It is of course not at all obvious that this limit applies in ultra-relativistic
nuclear collisions, but this is one of the current working hypotheses as is for exam-
ple approximate Bjorken boost invariance. Indirect evidence that such assumptions
may apply comes from the considerable success of hydrodynamic [17,18] and trans-
port models [19, 20] to reproduce the bulk of the single inclusive spectra at RHIC
including the dramatic high pT collective azimuthal flow v2 [13].

Pion interferometry tries to invert the two pion correlation function, C2(q,K),
where q = k1 − k2 and K = (k1 + k2)/2 to infer constraints on the decoupling xµ

distribution [21–23]. However, there is a catch: one of the 7 dimensions, namely
near the light cone x+

0 = βK ·r+t where βK = K/
√

(K2+m2) is completely invisible

as shown in Fig. 3 because of the on-shell constraint q0 =
√

(K + q/2)2 + m2 −
√

(K − q/2)2 + m2 ≈ βK · q. Thus for q � K the correlation function,

C(k1,k2) = C2(q,K) = 1+

λ
〈cos(q · (βK(t1 − t2) − (r1 − r2))e

−q2∆x2

δ3
∆p(K − p1)δ

3
∆p(K − p2)〉

〈δ3
∆p(k1 − p1)〉〈δ3

∆p(k2 − p2)〉
, (3)
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Fig. 3. The invisble HBT x+

0 ∝ vT · r + t dimension! Beware of elephant herds.

for fixed K really only determines the rms correlations between the relative three

vectors r − βKt. For Kz = 0 (the longitudinal comoving frame), the direction
K is perpendicular to the beam “z” and defines the “out” direction xout. The
“side” direction is then perpendicular to both the beam and out directions. For
relativistic pairs, it is therefore clear that only the rms negative light cone transverse
coordinate x−

0 ∝ xout − βKt can be determined. The four space-time distribution
ρ(x−

0 , xs, xz, x
+
0 ,K) is thus projected down to a three space time hypersurface as

shown in Fig. 3. C2 is completely blind to the x+
0 direction and all distributions

ranging from 1) time-like shocks, 2) space-like surface emission, 3) rapid surface
burn, 4) tilted box, to 5) elephant herds all lead to the same out and side widths!

In the hydrodynamic pictures the freeze-out space time hypersurfaces depend
on the initial conditions, equation of state, and freeze-out prescriptions [24–27] em-
ployed. Figure 4 shows illustrative results from [7] for three EOS: 1) strong first
order, 2) infinite order with ∆T/Tc = 0.1 and 3) ideal gas. A uniform sharp edge
cylinder with energy denity 20 GeV/fm3 was assumed and the evolution in Bjorken
boost invariant dynamics was computed. Different isotherms are shown as a func-
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tion of the transverse radius and time. The strong first order transition leads to a
very slow deflagration front [3] that slowly transform the QGP cylinder into hadronic
ashes on a long time scale t ∼ 6R. This is the “QGP Stall” expected under these
most favorable conditions [3]. The robustness of the time-delay of hadronization is
evident even if only a smooth cross over transition is realized in Nature. Note that
even the ideal gas EOS leads to a t ∼ 2R elongation along the time axis relatively
independent of the freeze-out temperature. Detailed hydrodynamic calculations of

Fig. 4. Rout > Rside is robust to changes in the QCD equation of state in
Bjorken hydrodynamic evolution [7]. A strong first order transition leads to a
slowly burning “Stalled” QGP log. A smooth cross over (∆T/T = 0.1) transition
burns a bit faster, but even an ideal p = ε/3 equation of state leads to t/R ∼ 2.

[17] in Fig. 5 show that the side radius is predicted to be too small while the lon-
gitudinal radius is too large. The inclusion of realistic dissipative effects in Fig. 6
in order to decouple pion dynamically using the UrQMD model [20] also fails to
reproduce the NULL Rout/Rside = 1 data.

Searching for at least some (weird) scenario that could account dynamically for
the observed effect, note in Fig. 7 that for a rapid cross over transition and an early
freeze-out at T = Tc (long-dashed), Rout/Rside ≈ 1.0 –1.2 over a very wide range of
initial densities. The thin curves for an ideal gas EOS lie above this scenario for all
Tf . The “conventional” T = 0.7Tc isotherm (thick solid) leads to the expected stall
for RHIC initial conditions.
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Fig. 5. Hydrodynamic HBT radii as a function of transverse momentum from
Heinz and Kolb [17] are compared to RHIC data. Rout/Rside is too big as is the
longitudinal radius.
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Fig. 7. Null (Rout/Rside ≈ 1) hydro solutions for a wide range of initial energy
densities do exist from Fig. 18 [7], but they correspond to early freeze-out Tf = Tc!
In contrast a QGP stall is predicted with Tf = 0.7Tc in either case of a transition
to pion or resonance matter.

Fig. 8. 3D Null hydro solutions also exist [7], but they are even weirder!
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Fig. 9. Compare 2+1D Bjorken cylinder and 3D fireball space-time freeze-out
surfaces. They both involve times t ∼ 5R, yet the projection onto the x−0 axis
leads to HBT Rout/Rside � 1 in the first case while ∼1 in the second.

In Fig. 8, other even more extreme solutions are shown. These arise from 3D
isotropically expanding fireballs with rather high initial density ε0 > 20 GeV/fm3

above the maximum stall point. In 3D the maximum stall is up to a factor of ten
larger than the radius. Yet for high enough initial densities the plasma explodes
along the positive transverse light cone and the actual very long decoupling surface
becomes invisible due to the on-shell projection of the whole 4 space-time onto the
negative transverse light cone hypersurface as shown in Fig. 4 and Fig. 9! For these
geometries it is possible to drive Rout/Rside < 1 due to the explosive expansion.
These results illustrate well the extremely different space-time dynamics that can
lead to apparent NULL results in HBT analysis. See [27] for further discussion of
the decoupling problem at RHIC.

2. Conclusions?

The null HBT data at RHIC remain a major interesting puzzle as do the null
ET /Nch data. While clever parameterizations [30] of ρ(x, k) have been constructed
to fit the data, the puzzle is simply shifted to why such parameterizations are
created in AA collisions. What clearly does not work is the transport evolution of a
large class of “conventional” initial conditions characterized by no initial radial flow.
The fits that reproduce data postulate initial state radial flow. However, another
possible source of the discrepancies may be traced to the HBT theory itself [29]
as well as to distortions of the actual space-time decoupling density arising from
the experimental Gaussian fits to 3D correlation functions [28]. As emphasized in
[16, 29] quantum wavepacket distortions of the HBT lenses are likely to be large
especially in the transverse directions. Such distortions are amplified in the inside-
outside Bjorken geometries under consideration. Lin et al. [28] proposed that the
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experimental fits themselves to non-Gaussian correlation patterns can induce up to
a factor of 3 distortion of the HBT radii and have obtained plausible fits varying
only the effective gluon–gluon elastic cross sections for ideal gas equation of state.
It is too early to judge now which if any of the above ideas will survive further
scrutiny. In any case the null HBT results are a major thorn in the otherwise
successful hydrodynamic picture of RHIC reactions. Such thorns are important
clues that are worth pursuing until a satisfactory explanation can be found.
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